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Abstract 
This paper proposes a novel fused-coating based additive manufacturing (FCAM) that builds three dimensional metal parts by depositing the 
material in a layer by layer manner according to the CAD model. It provides a good method to build metal parts with the advantage of using 
cheap and easy-get material, building parts with high efficiency and without high equipment costs. To study the effect of different processing 
parameters, the FCAM experimental system is established. It included a molten metal generator, a fused-coating nozzle, a three-axis motion 
platform, an inert atmosphere protection and process control unit, a temperature and pressure measurement unit. A heat transfer model based on 
volume of fluid method is developed to investigate the FCAM process. The study on the influence of process parameters, such as the nozzle and 
substrate temperature and the speed of the substrate in forming metal parts is made. The results of the study prove that the processing parameters 
will significantly affect the surface finish and bonding strength of the metal parts. What’s more, the temperature and speed of the substrate are 
the main parameters that influence the FCAM process. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Additive Manufacturing (AM) is defined as “the process of 
joining materials to make objects from 3D model data, usually 
layer upon layer, as opposed to subtractive manufacturing 
methodologies, according ASTM Standard F2792[1]. AM was 
first developed in the earlier 1980’s by creating three 
dimensional objects layer by layer from computer aided design 
and named as rapid prototyping. AM is also known as 3D 
printing which has grown tremendously in the past 30 years [2]. 
In the early years it was mostly applied for the fabrication of 
conceptual and functional prototypes. The prototypes were 
played as inspection and communication tools since it can 
greatly shorten the fabrication time and does not need complex 
moulds[3].  
AM is a method that helps the realization of what engineers 
have in mind without the limits of design. It has dramatically 
expanded in recent years, because the paradigm shift that the 
process provides over conventional manufacturing. AM has the 
ability to fabricate final shape by adding materials rather than 
machining and stamping the products by removing material 
from a large stock or sheet metal [4]. It gives the possibility of 
building parts with complex geometry which are difficult to 
obtain using conventional material removal processes. Besides, 
it opens the door for innovation. There is no need to consider 
design for manufacturing and assembly principles. In addition, 
AM can be used to fabricate complex geometrical parts without 
special fixture compared with subtractive manufacturing 
processes [5]. Moreover, AM has significantly reduced the time 
and cost that are required for the products development.  
At present, AM has been adopted by the fabrication shops, 
scientists, students and professors, market researchers and even 
artists. This technology is not just used for fabrication models, 
but also used to build functional parts such as polymer, ceramic 
and metal materials [6]. It has been applied in the aerospace, 
automotive, biomedical, innovative design and other fields. 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Currently, the fabrication of end-use parts has become the 
primary demand.  
In the past 30 years, AM processes have been investigated 
intensively and some have been developed commercially. The 
processes are classified into liquid base, solid base and powder 
base. The processes include stereolithography (SLA), fused 
deposition modeling (FDM), laminated object manufacturing 
(LOM), 3D printing (3DP), selective laser sintering (SLS), 
laminated engineered net shaping (LENS), selective laser 
melting (SLM), and electron beam melting (EBM) [7]. Some of 
the current AM technologies include Selective laser melting 
(SLM), Laser Cladding(LD) , Electron beam melting (EBM), 
and wire and arc additive manufacturing (WAAM)  that are the 
typical methods for metal[8]. For metals, the major researches 
are focused on powder bed and powder feed methods since 
powder bed/feed method has good geometric accuracy. 
Compared with wire-feed AM, the powder feed rate is quite low, 
usually under 10g/min, because the energy is just focused on 
one point that limits the application in fabricating large metal 
parts[9].  
Wire-feed AM is a promising technology in fabricating large 
expensive metal parts with complex geometry. In wire-feed 
AM, wire is used as supply material and the energy source used 
for metal deposition are arc, laser and electron beam. AM in 
wire and arc-welding has been established that uses electric arc 
as energy to build components. Research has been studied in 
WAAM about surface quality, residual stress, microstructure 
combining [10]. Wire and laser AM is an AM process using 
metal wires as additive material and laser as the energy source. 
Laser generates a small melt pool on the substrate/material and 
then the metal wire is fed and melted, forming a metallurgical 
bond with the substrate/material [11]. For wire and laser 
process, wire feed rate is limited by the laser power. If the wire 
feed rate is at a high levels, wire cannot be fully melted and will 
be melted partially by the high temperature of the melt pool. 
Wire and electron beam AM, a process that metal wire is 
introduced into a molten pool which is generated using a 
focused electron beam with a high vacuum environment [12]. 
The wire and electron beam AM efficiency is limited by the 
positioning precision and wire feed capability. Wire-feed AM 
can be used for fabricating larger metal components with 
moderate complexity, such as flanges or stiffened panel. 
However, there are still some technical challenges that need to 
be solved. Since the energy source of Wire-feed AM are laser, 
arc and electron beam, the residual stress and distortion from 
excessive heat input, relatively poor part accuracy caused by 
the “stair stepping” effect and poor surface finish are the mainly 
technical challenges. Besides, the relative complex equipment, 
low mechanical properties are the main problems of the wire 
based AM which prevent its wide application [13].   
The studies on metal droplets ejection and deposition AM 
process were originated at Massachusetts Institute of 
Technology and University of California at Irvine [14]. AM 
process of metal droplets deposition had been intensively 
investigated which includes two modes that are drop on demand 
(DOD) and continuous jetting. The DOD, metal parts are 
formed as the droplets ejected out from the small nozzle by 
pulse pressure on demand. Tin, lead, zinc droplets with 
diameter of 0.17-0.6mm had been successfully generated [15]. 
Micro-void and cold lap are unavoidable defects in droplets 
deposition method. 
In the past decade, since the invention of the different kinds 
of metal AM processes, lots of researches have focused on 
reducing costs, fabricating parts that cannot be easily machined 
using other techniques. It has been used in part repairs, 
aerospace structure design, biomedical implants. However, 
there still exist some areas that need to continuous improvement 
of the current metal AM technology [16]. The deposition rates, 
quality control, cost reduction, machine reliability and 
capabilities/materials are the main problems.  
To achieve time, cost and energy saving, a novel fused-
coating based AM is proposed which is meant at expanding the 
application of AM technology. The FCAM process builds 
metal parts by selective deposition the material layer by layer. 
The way to build metal parts can be defined as continuous 
deposition, as in figure1. During manufacturing, molten metal 
is transported from the fused-coating nozzle to the substrate 
and thermal capillary zone is formed between the nozzle end 
and the moving substrate. Molten metal spreads into a 
subcylindrical or oblong shape under the influence of pressure, 
metal viscosity and surface tension [17].  
 
Figure1 the principle of Fused-coating based AM 
In FCAM process, continuous pressure is played as driving 
force coupled with the effect of exhauster under the control of 
frequency converter and pulse width of solenoid valve. The 
frequency converter and solenoid valve are used to control the 
formation and termination of molten metal. The special fused-
coating nozzle with a certain cone angle is designed to assist 
fabrication of dense metal parts. FCAM has many potential 
advantages, first and foremost, dense parts can be built that 
micro-void and cold lap are avoided. It has the potential in 
fabricating metal materials, such as Sn-Pb alloy, alumnium   
alloy, copper alloy and even steel. FCAM is a novel AM 
method that avoids the shortage of the molten metal droplet 
deposition in low efficiency, poor surface quality and low 
mechanical property. In FCAM process, a precise pressure 
control unit is used to achieve the control of molten mass flow 
rate. The distance between fused-coating nozzle and the 
substrate is controlled accurately. In compared with powder bed, 
laser deposition and wire-feed based AM, the induction heating 
is used as energy source and bar/wire/block material is taken as 
the material. Hence, the residual stress and distortion can be 
avoid since the effects of excessive heat input. Therefore, the 
molten metal generator should have good sealing ability to 
prevent the gas leak. In addition, less expensive material and 
equipment cost are needed with FCAM method when compared 
with other methods.  
This paper is organized as follows to present our recent 
progress in FCAM. In section 2, it introduces the experimental 
117 Xuewei Fang et al. /  Procedia CIRP  55 ( 2016 )  115 – 121 
platform that is used to conduct the metal parts. Section 3 
presents the method and result of heat transfer analysis for the 
metal parts building process in FCAM. In Section 4 the process 
parameters are discussed and studied. Section 5 concludes of 
this paper. 
2. Experimental platform 
In figure2, an experimental platform was developed to 
perform the study of this newly established FCAM technology 
in building metal parts. The platform included a molten metal 
generator, a fused-coating nozzle, a three-axis motion platform, 
an inert atmosphere protection and process control unit, a 
temperature and pressure measurement unit.  
 
Figure2 the schematic diagram of fused-coating based AM 
Sn63Pb37 alloy was chosen as raw material and was melted 
in the molten metal generator. The generator was comprised of 
a graphite crucible and an induction coil which can provide 
enough power to melt metal. A heated fused-coating nozzle 
was located at the bottom of the crucible with a threaded 
connection. The nozzle has a detachable tip that connected the 
main body by a threaded connection. The nozzle can assemble 
easily which just needs to replace the nozzle tip. A 700W band 
heater was covered around the nozzle and a thermocouple was 
inserted to the nozzle wall to monitor the temperature 
accurately.  
Figure 3 shows the photo of the FCAM experimental 
platform. The STL format CAD model is created using 
modeling software (Solidworks or Pro/Engineering) and then 
model is sliced into specific layer thickness by slicing software 
and the scan paths and control instructions are generated. After 
that, the contour information of the model is sent to a motion 
control board to control the forming of metal parts. A GTS-400 
4 axes motion controller was used to control the motion of X-
Y-Z axis by three servo motors. The nozzle was about 0.8-
1.5mm above the substrate (precision within 5um). With the 
adjustment of the pressure in the crucible, usually under 
100KPa, molten metal can be extruded out from the nozzle 
under low oxygen content. Meanwhile, the motion of the 
substrate and the start-stop of the molten metal generator were 
synchronized by the control system according to the motion 
program. Finally, the mass rate of the molten metal was 
suspended by controlling the pressure and the frequency of the 
variable-frequency drive when the whole paths were scanned. 
 
Figure3 the fused-coating based AM experimental platform 
During forming, the fused-coating nozzle is fixed. After 
one layer is finished the X-Y-Z motion platform is descended 
downwards a height of one layer thickness, coupling with the 
moving of the X-Y axis and the depositing of the metal material. 
A solenoid valve is installed in the line path to maintain the 
pressure of the crucible. The response time of the solenoid is 
within 10ms and a precision pressure transducer is connected 
with the solenoid valve to measure the dynamic pressure in the 
crucible. An exhauster is connected with the crucible which can 
generate negative pressure within 150KPa to assist with the 
flow on and off of the molten metal. A glove box is used to 
protect the molten metal form oxidization. The oxygen content 
was maintained under 50ppm. A copper-clad substrate with 
200×300mm, was fixed on the heating board which can be 
heated up to 300ć under the control of a temperature 
controller and K-type thermocouple. By adjusting the 
frequency of the frequency converter, the pulse width of the 
solenoid valve that stable molten metal jet can be produced and 
controlled.  
3. Heat transfer analysis of the  FCAM process 
To build three-dimensional metal parts, there are two key 
factors that affect the formation of a uniformly deposited metal 
line. The two critical factors are the temperature at the interface 
and the spreading of molten metal between the incoming 
molten metals and the already deposited layer. If the 
temperature at the interface is too high molten metal will flow 
away and the surface quality is poor. If the temperature is too 
low, the molten metal will not coalesce and the metallurgical 
bonding is bad. In this way, the solidification and spreading 
time is very important in FCAM process. Theoretical analysis 
of the heat transfer between the previously layer and the newly 
deposited layer can give quantitative information about the 
fused-coating process. 
This section aims at developing a 3D model of continuous 
deposition of molten metal on a horizontally moving substrate 
to track and follow the evolution of molten metal at the 
interface between the nozzle and substrate. The process of 
spreading and solidification in FCAM involves fluid flow, 
phase change and heat transfer. Therefore, it is very necessary 
to study the heat transfer and spreading process of FCAM. This 
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model is used to analyze the temperature distribution and solid 
fraction of the molten metal to help choose the best processing 
parameters. The numerical method based on the semi-implicit 
pressure-linked equation algorithm (SIMPLE) is introduced to 
simulate the FCAM process[18]. Figure 4 shows the 2D cross-
section of the 3D numerical model of the FCAM process. The 
inner diameter of the nozzle is d= 0.3mm and the outside 
diameter is D=4mm. The distance between the moving 
substrate and the nozzle is h=1mm. The fused-coating nozzle 
is made of graphite and the substrate is copper cladded. The 
substrate is moving with the velocity xU .  
 
Figure 4 2D cross-section of the 3D numerical model of the FCAM process  
The metal deposition process is simulated by solving 
Navier-Stokes, continuity and energy equations. In this model, 
we consider contour building with  the wall width of only one 
metal line[19]. The heat transfer in the 3D platform movement  
direction  is  neglected  because  the  moving speed  is  much 
faster  than  the  heat transfer  rate  along this direction. The  
heat  of  the  newly  deposited  layer  will  be  transferred  to  
the  previously  built  layers  through conduction  and  to  the  
environment  through  convection from the surfaces. During the 
spreading of continuous metal deposition on the substrate, the 
fluid flow is simulated using Navier-Stokes equations[20]. The 
assumption of incompressible and laminar flow is adopted. The 
volume of fluid (VOF) method with Piecewise Linear Interface 
Construction (PLIC) is adopted to construct the free surface 
flow of molten metal. The continuum governing equations are 
given as follows. 
VOF equation: 
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In the above equations, ܸሬԦis the velocity, p is the pressure, ߩ 
is the density, ߢ is the thermal conductivity, ܥ௣ is the specific 
heat. Table 1 shows the properties of Sn63Pb37 material. 
Table 1. The properties of Sn63Pb37  
Parameters signal Value 
Density U   8400kg/m3 
Melting point T 183ć 
Surface tension  V   0.417N/m 
Specific heat pC  176J/Kg   K 
Thermal conductivity N   50W/m   K 
Latent heat fL   48KJ/Kg 
 
The temperature distribution in the FCAM process is shown 
in figure5. The pressure is 40KPa, the speed of the substrate is 
18mm/s, the layer thickness is 1mm, the heating temperature is 
290ć and the substrate temperature is 110ć.It shows the 
spreading and solidification of the fused-coating metal line at 
different moment. In the FCAM process, the surface tension 
and the solidification process impede the spreading of molten 
metal. In the early stage of spreading, the behavior of the 
molten metal is similar with the molten droplet impacting, with 
symmetric spreading at the nozzle tip in figure 5(a-b). The 
material around the nozzle is always in molten when the 
temperature is at 290ć in figure5(e-f). Under the influence of 
the pressure, once the molten metal contacts with the pre-
heated substrate, it is simultaneously spreading under the effect 
of gravity, surface tension. Meanwhile, the molten metal is 
cooled by means of heat transfer to the substrate and begins to 
solidify.  
 
 
Figure 5 Temperature distribution of  Sn63Pb37 spreading on the substrate 
The study on the shape of metal line is crucial to understand 
the layer thickness and surface quality of parts built by the 
FCAM process. In the first layer, with the moving of the 
substrate, the molten metal rapidly spreads and solidifies to 
build a metal line in figure 5c-d. During the spreading process, 
to obtain uniform metal line, the speed of the substrate must be 
proportional to the material flow rate. In this paper, only the 
first layer deposition is analyzed to facilitate the understanding 
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of the new AM process based on the simulation model. In the 
early research stage, the simulation process is a good method 
to help choose the processing parameters, such as the 
temperature and speed. 
In the FCAM process, only the first layer of continuous 
molten metal is exactly deposited on the flat substrate. The 
incoming molten metal can deposited on the previously 
solidified layer and keep good morphology. The temporal 
evolution of the contact area led concurrently to different 
cooling rates of the incoming metal material. If the interfacial 
temperature between previously-deposited layer and the new 
incoming metal is too low, the remelting and coalescing of 
successive metal material is insufficient and defects will be 
formed. If the temperature is too high, molten metal flows away 
from the point of impact before it can spread and solidify. To 
investigate the solidification process of the FCAM, the solid 
fraction contours of the molten metal on the moving substrate 
are simulated and shown in figure6 at different moment. In 
figure6 a-d, the metal around the nozzle is always keeping at in 
liquid, so it has enough energy to overlap and join together to 
form a continuous metal line. Along with the spreading, the 
metal at the front of moving direction has attained equilibrium 
and begins to solidify. To ensure good bonding between the 
incoming molten metal and the previously solidified layer or 
the solidified substrate, the interface temperature should be 
selected properly to ensure local remelting. It will not only 
affect the metallurgical bonding between the layers, also 
determine the surface quality  and strength of the final parts. 
 
Figure 6 The solid fraction of molten metal on the moving substrate 
To prove the validity of numerical simulation, figure 7 
shows comparisons between the simulation model which 
predicts the cross-section image of the metal line and the cross-
section Optical Microscope (OM) photograph. The results 
show good agreement with the experimental finding. 
 
Figure 7 Comparison of OM cross-section photo and simulation of metal line 
4. Investigation of process parameters 
4.1. The melting temperature 
To validate the heat transfer analysis of the FCAM, 
experimental samples were fabricated with 0.3mm nozzle inner 
diameter by changing the nozzle heating temperature from 250ć 
to 320ćwhile maintaining the substrate temperature(Ts) at 
110ć. Figure 8 shows the metal rings that are fabricated under 
different nozzle temperature to determine the best nozzle 
melting temperature. The crucible pressure was 40KPa, the 
substrate speed was 20mm/s and the layer thickness was 1mm 
for all the cases. Figure 9 shows the cross-sections of the 
interfaces between layers of the metal rings fabricated at 
various nozzle heating temperatures. In figure8(a), the melting 
temperature is not sufficient to assure the incoming molten 
metal remelting a thin layer of the previously solidified layer. 
In figure 9(a), at lower melting temperature, the adjacent layers 
were not bond together and cracks can be clearly seen. With the 
melting temperature increasing to 295ć, the surface quality of 
metal ring is uniformly and interfacial cracks were disappeared 
in figure 8(b) and figure9(b). The experimental result is 
consistent with the simulation when the heating temperature is 
about 290ćǤ When the melting temperature increased to 320ć, 
the cracks between layers can no longer be seen, but the surface 
morphology is poor. Since the melting temperature at the 
interface is too high that the melting flows away before 
solidification. 
 
Figure8 The metal rings fabricated under different heating temperature 
 
Figure9 Cross-sections of metal rings at different heating temperature 
4.2. The substrate temperature 
This experiment is aiming at provide optimal substrate 
temperature(Ts) in forming metal components. Figure10 shows 
the metal line built at substrate temperature from 25ć to 110ć. 
During all the cases, the melting temperature was 295ć, the 
crucible pressure was 30KPa, the substrate speed was 18mm/s 
and the layer thickness was 1mm. At low substrate temperature, 
the width and height of metal lines were uneven. In figure(11), 
it shows the cross-section of the metal lines in 25ć and 110ć. 
At low substrate temperature, the surface morphology of the 
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metal line solidified into spherical shape with a cusp-like top, 
since there was no sufficient energy to promote the spreading 
of the molten metal, shown in figure10(a) and figure11(a). As 
the substrate temperature increased to 110ć, the shape of the 
metal line is nearly flat which is agreed with the simluation. 
There are two significant factors influencing the shape of metal 
lines. One is gravity, which tends to encourage the spreading 
of molten metal. The other is surface tension, which tends to 
minimize the free surface of a metal line.  
 
Figure10 The metal lines fabricated in different substrate temperature 
 
Figure11 The cross-section of metal lines in different substrate temperature 
At  low substrate temperature metal lines were not very 
uniform and molten metal is almost impacting on a colder 
surface. However, surface tension is decreased as the 
temperature of the substrate increasing. Therefore, the molten 
metal has enough time to spreading before solidification and 
the surface quality of the metal line is well defined, as shown 
in figure10 (b) and figure 11(b). Besides, the substrate 
temperature should not too high, otherwise, the solidification 
of molten metal will become very slowly due to poor thermal 
dissipation. 
4.3. The substrate speed  
 
Figure12 The effect of substrate speed on layer thickness and width 
Figure12 illustrates the influence of substrate speed on the 
layer width and thickness. It proves that the layer width is 
decreased with the increase of substrate speed. However, the 
layer height is not significantly affected by the substrate speed. 
It is mainly because the effect of the molten metal is sufficient 
between the substrate and the nozzle under current moving 
substrate speed. On the other hand, the spreading process also 
affects the width of the deposited layer. Little molten metal will 
be deposited on the already formed layer with limited length 
while the substrate velocity is relatively fast.  
4.4. Building 3D metal parts 
In FCAM process, the metal parts are fabricated by scanning 
the boundary and interior with one layer at the same time. 
Based on the experiments and analysis studied above, the 
optimal parameters were chosen and listed in Table2. Figure 13, 
shows some metal parts that were built by using these 
parameters. 
Table 2. Process parameter used in building metal parts  
Process parameters symbol Value 
Melting temperature(ć) Tn 280-300 
Crucible pressure(KPa) P 30-50 
Substrate temperature(ć) Ts 90-100 
Layer thickness(mm) L 1  
Substrate speed(mm/s) V 18-22 
Oxygen content(ppm) O2 İ50 
 
Figure13 Metal parts fabricated by FCAM process  
5. Conclusion 
Fused-coating based AM is a novel solid freeform 
fabrication process which has some advantages compared with 
other AM method. To build 3D functional metal parts by 
FCAM, the deposited metal line is the basic element. In this 
paper, the experimental platform is built and a heat transfer 
model for the spreading and solidification in building metal 
wall by the FCAM process is proposed. The analysis provides 
a better understanding of the AM process and predicts the effect 
of process parameters. Based on the simulation results, the 
validation of the melting and substrate temperature are 
performed. The experimental results are consistent with the 
simulation which give the range of the processing parameters 
selection. The melting and substrate temperature, the substrate 
speed are critical parameters to the success of metal parts 
fabrication. The optimal parameters were used to build 
complex metal parts based on the analysis and experiments. 
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Moreover, future research should focus on the improving of 
the simulation analysis to give a more comprehensive guide for 
the FCAM technology. What’s more, the building resolution, 
part accuracy and the processing parameters should be 
optimized. In addition, the current study is concentrated on 
low-melting point alloy, so the high temperature building 
equipment and software need to be developed to build 3D 
complex and high-melting metal parts. 
Acknowledgements 
The authors acknowledge The research is financially 
supported by the National Natural Science Foundation of China 
under Grant No.31370944, the Natural Science Foundation of 
Shaanxi province(Grant 2014JQ7238), and China Postdoctoral 
Science Foundation (Grant 2014M560764). 
References 
[1] ASTM  F2792-1 2a (2015) , standar d terminolog y for addit ive manufa ctu ri n g  
techn ologie s , avai la ble at: http:/ /w w w .astm .o rg/Sta n da rds/F27 92 .htm . 
[2] Frazier, William E. "Metal Additive Manufacturing: A Review." Journal 
of Materials Engineering & Performance 23.6(2014):1917-1928. 
[3] Guo, Nannan, and C. L. Ming. "Additive manufacturing: technology, 
applications and research needs." Frontiers of Mechanical Engineering  
8.3(2013):215-243. 
[4] Huang, Samuel H., et al. "Additive manufacturing and its societal impact : 
a literature review." International Journal of Advanced Manufacturing 
Technology 67.5-8(2013):1191-1203. 
[5]Bikas, H., P. Stavropoulos, and G. Chryssolouris. "Additive manufacturing  
methods and modelling approaches: a critical review." International 
Journal of Advanced Manufacturing Technology 83.1-4(2015):389-405. 
[6] Hofmann, D. C., et al. "Developing gradient metal alloys through radial 
deposition additive manufacturing. " Scientific Reports 4.4(2013):5357-
5357. 
 [8] Gu, D D, et al. "Laser additive manufacturing of metallic components: 
materials, processes and mechanisms." International Materials Reviews  
57.3(2012):133-164. 
[9] Hofmann, Douglas C., et al. "Compositionally graded metals: A new 
frontier of additive manufacturing." Journal of Materials Research 
29.17(2014):1899-1910. 
[10] Williams, S. W., et al. "Wire + Arc Additive Manufacturing." Materials 
Science & Technology (2016). 
[11] Heralic, Almir. "Monitoring and Control of Robotized Laser Metal-Wire 
Deposition." (2012). 
[12] Wanjara, P., M. Brochu, and M. Jahazi. "Electron beam freeforming of 
stainless steel using solid wire feed." Materials & Design 
28.8(2007):2278-2286. 
[13] Ding, J., et al. "A computationally efficient finite element model of wire 
and arc additive manufacture." International Journal of Advanced 
Manufacturing Technology 70.1-4(2014):227-236. 
[14]Liu, Q., and M. Orme. "High precision solder droplet printing technology 
and the state-of-the-art." Journal of Materials Processing Technology 
115.3(2001):271-283. 
[15] Huang, C., and M. Orme. "Phase change manipulation for droplet-based 
solid freeform fabrication." Transactions of the Asme Serie C Journal of 
Heat Transfer 119.4(1997):págs. 818-823. 
[16] W. J. Sames, et al. "The metallurgy and processing science of metal 
additive manufacturing." International Materials Reviews (2016):1-46. 
[17] Xuewei Fang, Jun Du, Zhengying Wei, Pengfei He, Bowen Wang, Ruwei 
Geng, Jian Chen, Bingheng Lu "Experimental and Analytical Study of 
Fused-coating Based Metal Additive Manufacturing", 2016 Annual 
International Solid Freeform Fabrication Symposium. 
[18] Jun Du, et al. "An improved fused deposition modeling process for 
forming large-size thin-walled parts." Journal of Materials Processing 
Technology 234(2016):332-341. 
[19] Li, Su Li, et al. "The fusion process of successive droplets impinging onto 
a substrate surface." Applied Physics A 120.1(2015):1-8. 
[20] Du, Jun, and Z. Wei. "Numerical analysis of pileup process in metal 
microdroplet deposition manufacture." International Journal of Thermal 
Sciences 96(2015):35-44. 
[7] Gibson, Ian, D. W. Rosen, and B. Stucker. "Additive Manufacturing 
Technologies – Rapid Prototyping to Direct Digital Manufacturing." 
Assembly Automation 32.2(2010). 
 
